Euclid: The selection of quiescent and star-forming galaxies using
  observed colours by Bisigello, L. et al.
MNRAS 000, 1–18 (2019) Preprint 18 March 2020 Compiled using MNRAS LATEX style file v3.0
Euclid : The selection of quiescent and star-forming
galaxies using observed colours?
L. Bisigello1,2†, U. Kuchner1, C.J. Conselice1, S. Andreon3, M. Bolzonella2, P.-A. Duc4,
B. Garilli5, A. Humphrey6, C. Maraston7, M. Moresco2,8, L. Pozzetti2, C. Tortora9,
G. Zamorani2, N. Auricchio2, J. Brinchmann6, V. Capobianco10, J. Carretero11,
F.J. Castander12,13, M. Castellano14, S. Cavuoti15,16,17, A. Cimatti8,9, R. Cledassou18,
G. Congedo19, L. Conversi20, L. Corcione10, M.S. Cropper21, S. Dusini22, M. Frailis23,
E. Franceschi2, P. Franzetti5, M. Fumana5, F. Hormuth24, H. Israel25, K. Jahnke26,
S. Kermiche27, T. Kitching21, R. Kohley20, B. Kubik28, M. Kunz29, O. Le Fe`vre30,
S. Ligori10, P.B. Lilje31, I. Lloro12,13, E. Maiorano2, O. Marggraf32, R. Massey33,
D.C. Masters34, S. Mei35,36, Y. Mellier37,38, G. Meylan39, C. Padilla11, S. Paltani40,
F. Pasian23, V. Pettorino41, S. Pires41, G. Polenta42, M. Poncet18, F. Raison43,
J. Rhodes34, M. Roncarelli2,8, E. Rossetti8, R. Saglia25,43, M. Sauvage41, P. Schneider32,
A. Secroun27, S. Serrano12,44, F. Sureau41, A.N. Taylor19, I. Tereno45,46,
R. Toledo-Moreo47, L. Valenziano2,48, Y. Wang49, M. Wetzstein43, J. Zoubian27
(Affiliations can be found after the references)
Accepted 2020 March 12. Received 2020 March 10; in original form 2020 January 7
ABSTRACT
The Euclid mission will observe well over a billion galaxies out to z ∼ 6 and beyond.
This will offer an unrivalled opportunity to investigate several key questions for un-
derstanding galaxy formation and evolution. The first step for many of these studies
will be the selection of a sample of quiescent and star-forming galaxies, as is often
done in the literature by using well known colour techniques such as the ‘UV J ’ dia-
gram. However, given the limited number of filters available for the Euclid telescope,
the recovery of such rest-frame colours will be challenging. We therefore investigate
the use of observed Euclid colours, on their own and together with ground-based u-
band observations, for selecting quiescent and star-forming galaxies. The most efficient
colour combination, among the ones tested in this work, consists of the (u−V IS) and
(V IS − J) colours. We find that this combination allows users to select a sample of
quiescent galaxies complete to above ∼ 70% and with less than 15% contamination
at redshifts in the range 0.75 < z < 1. For galaxies at high-z or without the u-band
complementary observations, the (V IS − Y ) and (J − H) colours represent a valid
alternative, with > 65% completeness level and contamination below 20% at 1 < z < 2
for finding quiescent galaxies. In comparison, the sample of quiescent galaxies selected
with the traditional UV J technique is only ∼ 20% complete at z < 3, when recover-
ing the rest-frame colours using mock Euclid observations. This shows that our new
methodology is the most suitable one when only Euclid bands, along with u-band
imaging, are available.
Key words: galaxies: photometry – galaxies: evolution – galaxies: general
? This paper is published on behalf of the Euclid Consortium.
† laura.bisigello@inaf.it
1 INTRODUCTION
Galaxies show a clear bimodality in the distribution of their
rest-frame ultraviolet and optical colours. Therefore, such
c© 2019 The Authors
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colours are often considered when distinguishing and study-
ing different galaxy populations (Strateva et al. 2001; Blan-
ton et al. 2003b; Baldry et al. 2004; Bell et al. 2004; Peng
et al. 2010; Moresco et al. 2013; Jin et al. 2014; Fritz et al.
2014). Because the optical spectrum of galaxies is domi-
nated by the integrated light of their stellar population, any
relation between their colours and magnitudes reflects dif-
ferences in their star-formation histories, dust content, and
metallicities.
In order to separate quiescent from star-forming galax-
ies – and thus galaxies with different star-formation histo-
ries – with a simple but effective method, rest-frame U − V
colours have been extensively compared to the overall vis-
ible magnitude (Giallongo et al. 2005; Cassata et al. 2007;
Labbe´ et al. 2007; Wyder et al. 2007; Jin et al. 2014; Lin et al.
2019). However, galaxy observations at higher redshifts, e.g.,
z ∼ 3, require the addition of near-IR colours, that use,
for example, the rest-frame J band, in order to distinguish
between highly dusty, star-forming systems and quiescent
galaxies (Pozzetti & Mannucci 2000; Wuyts et al. 2007). As
a consequence, the use of colour-colour diagrams such as the
UV J technique has become a standard way to characterise
galaxy populations and to study how they evolve through
time (e.g., Mendel et al. 2015; Fang et al. 2018). The rest-
frame (U −V ) and (V − J) colours of galaxies have further-
more been demonstrated to evolve minimally with redshift
(Williams et al. 2009; Whitaker et al. 2011). Although the
rest-frame colours of galaxies are highly dependent on the
spectral energy distribution (SED) modelling, overall, they
can be considered sufficiently accurate for normal galaxies if
multiple bands are available.
Euclid1 is a European Space Agency mission with the
aim of mapping the geometry of the Universe and studying
the evolution of cosmic structures and the distance-redshift
relation. In order to achieve this goal, Euclid will derive
precise shapes and redshift measurement for over a billion
galaxies out of z ∼ 3 and it will observe several millions
galaxies out of z ∼ 6. Euclid has a 1.2 m primary mirror
and two instruments on board. The visible (V IS) instru-
ment will provide high-quality visible imaging with an ex-
tremely wide broad-band filter covering between 550 and 900
nm and a mean image quality of ∼ 0.′′23 (Cropper et al.
2010). The complementary Near Infrared Spectrometer and
Photometer (NISP) instrument will cover wavelengths from
900 to 2000 nm with three broad-band filters, i.e., Y , J , and
H (see Figure 1), and a low-resolution slitless spectrometer
(Schweitzer et al. 2010). The Euclid Wide Survey is expected
to cover 15 000 deg2 down to 10σ depth of 24.5 mag in the
visible filter and down to a 5σ depth of 24.0 mag at near-
infrared wavelengths. A deep survey two magnitudes deeper
than the main survey will also be conducted over 40 deg2
in the Euclid Deep Fields. In addition to these main Euclid
surveys, extensive plans are in place to complement Euclid
observations with ground-based data from the ultraviolet to
visible light (Laureijs et al. 2010; Ibata et al. 2017) in order
to improve the sampling quality of the SED for each galaxy.
This is of course very challenging, given that the goal is
to observe uniformly almost the entire extra-galactic sky at
Euclid depth, using ground-based instruments.
1 http://sci.esa.int/euclid/
Table 1. 10σ depth in AB magnitude, central wavelength and full
width half maximum (FWHM) of the four Euclid filters and the
CFIS/u bands. The Deep Survey will be two magnitudes deeper
than the primary survey in all bands.
band 10σ depth central wavelength [A˚] FWHM [A˚]
V IS 24.50 7150 3640
NISP/Y 23.24 10850 2660
NISP/J 23.24 13750 4040
NISP/H 23.24 17725 5020
CFSI/u 24.20 3715 510
Overall, this extraordinary galaxy survey will be cru-
cial not only for cosmological studies, but also to investigate
several Legacy science key questions, especially related to
galaxy formation and evolution. Given that quiescent and
star-forming galaxies represent the two most common evolu-
tionary phases of galaxies, and considering the large amount
of galaxies that will be observed by Euclid , it is essential to
obtain a fast and reliable criterion to select quiescent and
star-forming galaxies with the Euclid photometric capabil-
ity, as this will be the first step for many future studies.
One of the dominant difficulties for this endeavour is the
main Euclid filter, V IS: its uncommonly large wavelength
range was especially designed for Euclid and has therefore
never been used or tested with real data (see Table 1). It
is important to fully characterise the use of this filter for
galaxy evolution studies, and a central part of this is testing
its ability to distinguish between star-forming and passive
galaxies.
The aim of this work is therefore to utilise a set of
mock Euclid observations to analyse the efficiency of dif-
ferent Euclid observed colours for separating quiescent and
star-forming galaxies. The structure of the paper is the fol-
lowing: in section 2 we describe the derivation of the mock
observations following three different methods. In section 3
we report the quiescent galaxies selection and the use of
the standard rest-frame U , V , and J colours to separate
star-forming and quiescent galaxies. The capability of the
different Euclid observed colour combinations on isolating
quiescent galaxies is then evaluated in section 4. We sum-
marise our main finding in section 5.
Throughout this paper, we use a Chabrier initial mass
function (Chabrier 2003), and a ΛCDM cosmology with
H0 = 70 km s
−1 Mpc−1, Ωm = 0.27, ΩΛ = 0.73 and all mag-
nitudes are in the AB system (Oke & Gunn 1983).
2 MOCK OBSERVATIONS
We derive mock observations for the four broad-band filters
on board Euclid which are the visible V IS filter and the
NISP instrument’s Y , J , H filters. To test colour selections
with a greater wavelength coverage, we also include the u-
band from the Canada-France Imaging Survey (CFIS) in our
analysis. This band, as well as other ground-based optical
bands such as the similar u-band from the Large Synoptic
Survey Telescope (LSST; Ivezic et al. 2008), will be avail-
able over a large fraction of the fields (around 2/3 of Euclid
sky for CFIS) in order to complement Euclid observations
(Ibata et al. 2017). The 5 filter throughputs we consider are
shown in Figure 1 and the central wavelengths and widths
MNRAS 000, 1–18 (2019)
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Table 2. Summary of the different types of simulated data used in this work.
Name Origin Nobjects Nquiescent
SED Wide SED fitting from COSMOS2015 3 249 101 213 837
SED Deep SED fitting from COSMOS2015 5 121 526 303 761
Int Wide Interpolation from COSMOS2015 315 755 21 988
Int Deep Interpolation from COSMOS2015 517 890 30 990
Flag Wide Euclid Flagship mock galaxy catalogue 12 982 2 576
Flag Deep Euclid Flagship mock galaxy catalogue 45 162 3 050
Figure 1. Throughput of the four main Euclid filters (coloured
regions and solid black lines). From left to right, these are the
V IS filter, and the NISP/Y , NISP/J , and NISP/H filters. We
also include the throughput of the CFSI/u band filter (blue region,
dashed black line). The red dots indicate the observed wavelength
of the 4000A˚-break at different redshifts.
are reported in Table 1. Additional improvements can be
expected if all 5 ancillary broad-bands (u, g, r, i and,z) are
available. However our present work focuses on the capa-
bility of the Euclid mission alone. While ancillary data will
become available, it will not be homogeneous and may not
cover the full area observed by Euclid .
We derive fluxes for real and simulated galaxies in these
bands using three different approaches that are summarised
in Table 2. Two of these methods are based on real galaxies
observed with current facilities and taken from the Cosmos
Evolution Survey (COSMOS, Scoville et al. 2007), while the
third one is based on the Euclid Flagship mock galaxy cat-
alogue based on theoretical SEDs. In all cases we consider
separately the observational depth expected for the Euclid
Wide Survey as well as the Euclid Deep Survey, which will
reach two magnitudes deeper (see Table 1). The magnitude
distributions of all three data sets are compared in Appendix
A.
2.1 Mock Euclid fluxes from real galaxies
We start our work from the public COSMSOS2015 catalogue
(Laigle et al. 2016) which contains multi-wavelength obser-
vations of more than a million objects over the 2 deg2 of the
COSMOS field. From the COSMOS2015 catalogue we con-
sider 30 bands, reaching from the GALEX (Zamojski et al.
2007) near-UV filter around 0.23µm to the Spitzer/IRAC
band at 4.5µm (Sanders et al. 2007). We use aperture mag-
nitudes measured within 3 arcsec and correct for photomet-
ric offsets, systematic offsets and galactic extinction, as sug-
gested in Laigle et al. (2016). Briefly, the first offset is de-
rived from photometric data to correct for the incomplete-
ness in the flux measured inside the fixed aperture. The sec-
ond one is obtained by comparing the observed colours with
the colours predicted with several theoretical templates, i.e.
templates from Polletta et al. (2007) and Bruzual & Charlot
(2003), for a sample of galaxies with spectroscopic redshifts.
The galactic extinction includes the foreground extinction
derived by Allen (1976). We remove from the sample objects
that are flagged as having inadequate optical photometry
(FLAGPETER> 0) and objects that are labelled as stars or X-
ray sources in the COSMOS2015 catalogue. The 3673 X-ray
sources in the catalogue are mainly active galactic nuclei but
account for only a small fraction of sources compared to the
final galaxy population. However, a similar selection should
always be considered before applying the criteria we offer
in this paper to future Euclid samples. The final catalogue
consists of 518 404 galaxies with photometric redshifts up to
z∼6.
For all the galaxies in the catalogue, we derive mock
fluxes and magnitudes for the V IS, Y , J , and H Euclid
bands and the CFIS/u filter using two different approaches
and considering the observational depth expected both for
the Euclid Wide and Euclid Deep Surveys. However, the
COSMOS2015 catalog is significantly shallower than the Eu-
clid Deep Survey, therefore many faint galaxies that will be
detected in the Euclid Deep Survey are missing in this cat-
alogue.
2.1.1 The Int data set
The first method to derive Euclid mock observations is based
on a linear interpolation of the 30 broad-band filters avail-
able in the COSMOS2015 catalogue. In particular, we use a
broken line that connects the available COSMOS2015 obser-
vations as a proxy of each galaxy spectrum. We then inter-
polate this broken“spectrum”with the Euclid filter through-
puts. For the J , Y and, H filters this method is similar to
interpolating the adjacent observed filters, but the described
method is necessary to achieve a correct estimate for obser-
vations in the wide V IS band. We do not include additional
scatter to mimic the expected Euclid photometric errors,
because the observational depth of the COSMOS2015 cata-
logue is similar or shallower than the one expected for the
Euclid Surveys. For example, the observed magnitude er-
rors in the COSMOS2015 J (Y ) band are, on average, 1.5
(3) times larger than the magnitude errors expected for the
Euclid J (Y ) filter, assuming the observational depth of the
Euclid Wide Survey. On the other hand, magnitude errors in
the COSMOS2015H band are similar to the expected Euclid
H band errors for the Euclid Wide Survey, showing that the
MNRAS 000, 1–18 (2019)
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two surveys are comparable in this band. Hereafter we refer
to mock observations derived by using this method based on
the 518 404 galaxies selected from the COSMOS2015 cata-
logue as data sets Int Wide and Int Deep, depending on the
assumed observational depth. Finally, we select only galax-
ies with S/N>3 in the V IS band, which leads to 315 755
galaxies in our Int Wide sample and 517 890 galaxies in our
Int Deep sample.
2.1.2 The SED data set
For the second approach, we derive mock observations from
the best theoretical template that describes the SED of each
galaxy. For this, we use the observations in 30 filters of
the COSMOS2015 catalogue. In particular, we use the pub-
lic code LePhare (Arnouts et al. 1999; Ilbert et al. 2006)
and consider Bruzual & Charlot (2003) templates with solar
and subsolar (0.008 Z) metallicities, exponentially declin-
ing star formation histories with timescale τ between 0.1
and 10 Gyr, ages between 0.1 and 12 Gyr, the Calzetti et al.
(2000) reddening law, and 12 values of colour excess between
0 and 1. We did not apply any cut in S/N on the observed
COSMOS2015 observations and we considered magnitude
errors and upper limits as derived by Laigle et al. (2016).
We only apply a lower limit to the magnitude errors, i.e.
0.01 mag, in order to avoid the fit being driven by single
observations. We only consider exponentially declining star-
formation histories, since they generally describe the bulk
of the quiescent galaxy population at z<3 well. We will get
back to this later, when we compare results of the SED,
Int Wide and Int Deep data sets, where we used different
assumptions concerning the star-formation history.
We also allow the code to add nebular emission lines,
as explained in Ilbert et al. (2006). Note that the effect
of including nebular emission lines in the fit is minor,
given that this work focuses on galaxies at z<3 and neb-
ular emission lines are more prominent in high-z galax-
ies (Fumagalli et al. 2012; Duncan et al. 2014; Ma´rmol-
Queralto´ et al. 2016). Moreover, equivalent widths higher
than ∼ 350 A˚,∼ 260 A˚,∼ 390 A˚ and, ∼ 480 A˚ are necessary
to produce a detectable boost (∆Y >0.1 mag) in the V IS,
Y , J and, H filters, respectively. In addition, during the fit
we fix the redshift to the value reported in the COSMOS2015
catalogue and the age of each galaxy is constrained to be
smaller than the age of the Universe at the galaxy’s red-
shift.
After deriving the best SED templates, we randomise
each flux 10 times using a normal distribution centred on
the flux value and with a standard deviation equal to the
expected flux error. This depends on the assumed survey
depth and is defined as one tenth of the flux corresponding
to a S/N=10. Note that this is equal to 24.50 (26.50) AB mag
in the V IS band for the Wide (Deep) Survey (see Table 1 for
the depth in each filter). Hereafter we refer to mock obser-
vations derived using this method as data set SED Wide or
SED Deep, depending on the assumed observational depth.
We remove from the final catalogues every galaxy which has
S/N<3 in the V IS filter. The data set SED Wide consists
of 3 249 101 mock galaxies, while the SED Deep catalogue
contains 5 121 526 mock galaxies.
We also infer rest-frame U , V , and J magnitudes and
the specific star formation rate (sSFR) of each galaxy from
the best SED template. To derive rest-frame U , V , and J
magnitudes, we consider U and V band-passes from Ma´ız
Apella´niz (2006) and the J band-pass from the Two Mi-
cron All Sky Survey (Skrutskie et al. 2006). U , V , and J
rest-frame magnitudes derived in this work are consistent
with those reported in the COSMOS2015 catalogue. Note
that we chose to re-calculate these rest-frame colours for
consistency, since we later in the paper present the same
rest-frame colours derived using the Euclid mock observa-
tions. sSFR derived in this way are considered as the true
sSFR associated with each galaxy in the SED and Int data
sets. Moreover, for the rest of the paper, we assign to each
galaxy its true redshift. This corresponds to the redshift of
the SED template derived from the real observations (used
to infer the Euclid mock observations in our work). How-
ever, we assume it will be possible to recover photometric
redshifts with an accuracy good enough for the redshift bins
considered here, i.e., σz =0.25 or 0.5 at z>1.5. This is more
than realistic given that the requirement to perform Euclid
cosmological studies is to obtain a photometric redshift ac-
curacy of σz < 0.05 (1 + z).
The two methods described in this section are com-
plementary. The first one depends on the observed COS-
MOS2015 photometric errors, which may not completely
match the future Euclid photometric uncertainties. It also
uses a few model assumptions (i.e., the photometric offsets
are derived from theoretical templates). The second method
depends on the theoretical templates, reddening law, and
star formation histories used for the SED fit, but matches
the expected Euclid photometric errors. The data sets dif-
fer in galaxy numbers because of the adopted Euclid Survey
depth and the different approaches used for including pho-
tometric errors. We remind the reader that we randomise 10
times the observed galaxies in the SED data sets to mimic
the expected Euclid photometric errors. On the other hand,
we did not randomise the fluxes in the Int data sets because
the COSMOS2015 photometric errors already influence the
broken “spectrum” used to derive the mock observations.
2.2 Mock Euclid fluxes from simulations
We complete our data sets with mock observations obtained
from the Euclid internal Scientific Challenge (SC456) that
make use of galaxy properties based on the Euclid Flagship
mock galaxy catalogue v1.7.17. This mock catalogue pop-
ulates the Flagship dark matter simulation (Potter et al.
2017) with galaxies following similar recipes to those im-
plemented in the MICE mock catalogues2 (Carretero et al.
2015; Fosalba et al. 2015b,a; Crocce et al. 2015). The Flag-
ship simulation was designed to mimic the observational
depth and conditions of the actual Euclid survey (Castander
et al., in prep). It is therefore a theoretical determination
which complements our observational inference of colours
described in the previous section. Adding simulated galax-
ies with known input parameters to our analysis offers the
advantage of providing full control over measurement errors
while minimising systematic errors.
The simulation catalogue was generated using a hybrid
2 http://www.ice.csic.es/en/content/68/mice-simulations
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Halo Occupation Distribution and Halo Abundance Match-
ing prescriptions to populate the Flagship Friends of Friends
dark matter halos. The Flagship simulation used the fol-
lowing cosmological parameters: Ωm = 0.319, σ8 = 0.83,
ns = 0.96, Ωb = 0.049, ΩΛ = 0.681, and h = 0.67. These
values of Ωm and ΩΛ are slightly different from those used in
the creation of the other mock observations, but the impact
is negligible on our results as they do not influence galaxy
colours.
The catalogue was built to follow a number of local ob-
servational constraints, among which are i) the luminosity
function at z = 0.1 (Blanton et al. 2003a), ii) the galaxy clus-
tering as a function of luminosity and colour as observed in
the Sloan Digital Sky Survey up to z = 0.25 (Zehavi et al.
2011) and iii) the colour-magnitude diagram of galaxies at
z < 0.3 (Blanton et al. 2005). A template taken from the
SED library of Ilbert et al. (2009) is associated to each
galaxy in the simulation. This library includes templates
from Bruzual & Charlot (2003), with ages ranging from 3
to 0.03 Gyr, and template for elliptical and spiral galaxies
are taken from Polletta et al. (2007). The final Euclid Flag-
ship mock galaxy catalogue v1.7.17 contains galaxies up to
redshifts z = 2.3 with Euclid H-band apparent magnitudes
down to H ∼ 26 mag.
We include photometric errors for these galaxies by ran-
domising each flux 10 times by considering a normal error
distribution centred on the real value with a standard devi-
ation equal to the noise expected for the Euclid Wide Sur-
vey and the Euclid Deep Survey, respectively (see Table 1).
The Euclid Flagship mock galaxy catalogue has a restricted
number of quiescent galaxies with detections in the u band,
therefore this data set is not used to derive colour selec-
tions which include the u band. Hereafter we refer to mock
observations derived by using this method as data set Flag
Wide and Flag Deep, depending on the assumed observa-
tional depth. Both data sets are created from a sample of
80 790 mock galaxies limited to z<2.3. Because of the com-
pleteness of the Euclid Flagship mock galaxy catalogue, the
mock catalogue Flag Deep created in this work is missing
part of the population of faint galaxies expected in the Eu-
clid Deep Survey.
A general comparison of the properties of the Flag, Int,
and SED Wide data sets is presented in Appendix A.
3 QUIESCENT GALAXIES INITIAL
SELECTION
In this section, we first describe our initial selection of quies-
cent and star-forming galaxies with a rest-frame UV J selec-
tion. Then, we compare this reference selection with selec-
tions that use Euclid filters only: once to derive U , V , and
J rest-frame colours and once to derive sSFRs.
In the literature, several studies have identified quies-
cent galaxies using a fixed threshold in sSFR. However, this
threshold is not uniform and varies depending on the prop-
erties of the data set and how the star formation rate and
masses are measured. (McGee et al. 2011; Wetzel et al. 2012;
Lin et al. 2014), e.g., on the minimum of the bimodal distri-
bution of the sSFRs of galaxies at low redshift (Kauffmann
et al. 2004; Wetzel et al. 2013; Renzini & Peng 2015; Bisigello
et al. 2018).
Figure 2. (U − V ) and (V − J) rest-frame colours derived from
the best SED template describing 518 404 galaxies with 30 COS-
MOS2015 bands. Boundaries that select quiescent galaxies are
taken from Whitaker et al. (2011) and are shown for z = 0 as black
solid lines and z = 3 as black dotted lines. Galaxies are colour-
coded depending on their sSFR. The blue and red contours show
99.7% (solid lines), 95% (dashed lines) and 68% (dotted lines) of
the number density of star-forming [log10(sSFR/ yr−1) > −10.5]
and quiescent galaxies [log10(sSFR/ yr−1) < −10.5], respectively.
On the top left, we report the completeness (C) and false-positive
fraction (FP) of the quiescent galaxy selection with the corre-
sponding Poisson errors.
In the following, we define star-forming galaxies as ob-
jects with
log10(sSFR/ yr
−1) > −10.5 ,
while quiescent galaxies have
log10(sSFR/ yr
−1) < −10.5 .
For the initial selection in the data sets SED and Int, we
obtain the sSFR of each galaxy from the SED template that
best describes and fits the 30 bands of the COSMOS2015
catalogue. As mentioned before, mock observations derived
from the Euclid Flagship mock galaxy catalogue (data sets
Flag) do not include a sufficient number of galaxies with
detection in the CFIS/u-band filter and, therefore, for these
data sets we limit our analysis to colours of the V IS and
NISP filters. The sSFR for these data sets is taken from the
Euclid Flagship mock galaxy catalogue.
Throughout the paper, we test the different selection
criteria by comparing them with the above-mentioned selec-
tion of quiescent galaxies from the observations in the 30
COSMOS2015 bands or the Euclid Flagship mock galaxy
catalogue. The number of quiescent galaxies in each data
set is reported in Table 2. We evaluate the different meth-
ods to derive quiescent galaxies considering three different
quantities.
(i) The mixing of quiescent and star-forming galaxies.
This is defined as the percentage of galaxies inside the inter-
MNRAS 000, 1–18 (2019)
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section between the areas containing 68% of both popula-
tions, looking at their number density distributions in colour
space.
(ii) The completeness (C). This consists of the fraction of
quiescent (or star-forming) galaxies that is correctly recog-
nised by the analysed selection criteria.
(iii) The false-positive fraction (FP). This is the fraction
of star-forming galaxies that are wrongly identified as qui-
escent by the analysed selection criteria, or vice-versa, the
fraction of quiescent galaxies that is erroneously identified
as star-forming. For readers more familiar with the concept
of purity, this is equivalent to 1-FP.
As a first test, we compare the rest-frame colours
(U − V ) and (V − J) with the sSFR, both taken from the
COSMOS2015 catalogue. We do this to verify our initial se-
lection of quiescent galaxies. Since the (U −V ) and (V − J)
colour selection was derived from the empirical galaxy SED,
we expect the two methods to be broadly consistent. Indeed,
Figure 2 shows that there is little mixing of star-forming
and quiescent galaxies in the UV J plane and that they are
well separated by the criteria described in Whitaker et al.
(2011): black solid lines for z = 0 and dotted lines for z = 3.
Overall, the sSFR and UV J selections agree for 97% of qui-
escent galaxies. However, 34% of all star-forming galaxies
are misclassified. Most of the misclassified galaxies have low
star-formation rates, on average log10(sSFR/ yr
−1) ∼ −10.2,
which means that that they are close to the boundary sep-
arating quiescent from star-forming galaxies. This test con-
firms that the majority of quiescent galaxies selected with
the specified cut in sSFR is consistent with a selection using
UV J colours.
3.1 Deriving U ,V , and J rest-frame colours and
sSFR with Euclid
Following the success of the UV J colour combination to sep-
arate galaxy types in the original COSMOS2015 catalogue,
we now investigate if it is possible to recover the correct
rest-frame (U − V ) and (V − J) colours from Euclid obser-
vations. To derive the rest-frame colours with Euclid obser-
vations, we apply the same method that we also used with
the 30 COSMOS2015 bands (see subsection 2.1): the algo-
rithm searches for the theoretical SED template that best
describes the four Euclid mock observations. In this test, we
allow the redshift to vary in the fit, similar to how future
analyses with Euclid observations will be done.
In Figure 3, we show the UV J rest-frame selection de-
rived from galaxies with the four Euclid filters V IS, Y , J
and H, compared to our reference UV J rest-frame selection
using the 30 COSMOS2015 bands. Reported results in this
figure are for the SED Wide data set. The majority of star-
forming galaxies are correctly identified, as is evident from
the high completeness (87%) of the recovered star-forming
population, and a relatively low false-positive fraction (10%)
of the quiescent galaxy population. However, a very large
fraction – around 80% – of quiescent galaxies are wrongly
identified as star-forming galaxies. The results do not change
much if we limit our analysis to z<1, as the completeness
and false-positive fraction of quiescent galaxies are still 20%
and 10%, respectively.
To better understand why we recover such low fractions
Figure 3. (U − V ) and (V − J) rest-frame colours derived from
the Euclid filters V IS, Y , J and H, considering the SED Wide
data set. As in Figure 2, the area containing quiescent galaxies is
shown for z = 0 in black solid lines and z = 3 in black dotted lines
(Whitaker et al. 2011). The red lines show the 99.7% (solid lines),
95% (dashed lines) and 68% (dotted lines) contours of the number
density of quiescent galaxies. For clarity, only the distribution of
star-forming galaxies is shown in blue. This clearly shows the high
contamination for quiescent galaxies. Star-forming and quiescent
galaxies are selected using the rest-frame colours derived from
the original 30 COSMOS2015 bands (Figure 2). On the top left,
we report the false-positive fraction (FP) and the completeness
(C) of the quiescent galaxy population with the corresponding
Poisson errors.
Figure 4. Distribution of the sSFR for galaxies in the SED Wide
data set, derived from the best SED template describing the four
Euclid band observations. The distribution is shown for galax-
ies that were classified as star-forming (empty blue histogram)
and quiescent galaxies (filled red histogram) with the 30 COS-
MOS2015 filter observations – our reference frame in this test.
The dashed black vertical line shows the log10(sSFR/ yr−1) =-
10.5 limit that we choose as the separation between quiescent and
star-forming galaxies (see section 3). The completeness (C) and
false-positive fraction (FP) for the selection of quiescent galaxies
is shown at the top left with the corresponding Poisson errors. Ob-
servations in only four filters are insufficient to recover the original
SED with enough accuracy to properly predict the sSFR.
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of quiescent galaxies, we repeat the SED fit twice, each time
slightly altering our approach. First, we fix the redshift to
the “true” redshift, rather than allowing the redshift to vary
during the fitting process. In a second test, we adopt the
photometric redshift precision expected for Euclid , i.e. σz <
0.05 (1+z). In the first case, both the completeness and false
positive fraction for quiescent galaxies increase moderately
from 20% and 10% to 41% and 31%, respectively. We obtain
similar results when we change the redshift errors to the
photometric redshift precision of Euclid , i.e., Cquiescent =
40% and FPquiescent = 32%. The moderate success of this
test highlights the challenges that go along with recovering
the correct SED template with only four Euclid bands –
and therefore also for deriving the correct (U −V ) and (V −
J) rest-frame colours – even if high precision redshifts are
available.
We further test whether it is possible to separate star-
forming from quiescent galaxies with sSFR’s derived from
observations in the four Euclid filters V IS, Y , J and H.
For this, we use the same SED templates that we used to
derive the rest-frame colours to also retrieve the sSFR’s. In
Figure 4 we show the recovered sSFR distribution for quies-
cent (red filled histogram) and star-forming (blue open his-
togram) galaxies of the SED Wide data set. It is evident that
observations in only four filters are insufficient to recover the
original SED with enough accuracy to properly predict the
sSFR’s. In particular, almost all galaxies (both quiescent
and star-forming) have sSFR’s consistent with star-forming
galaxies. Only 9% of the quiescent galaxy population is cor-
rectly identified, i.e., has log10(sSFR/ yr
−1) < −10.5. At the
same time, sSFR-selected quiescent galaxies contain 13%
false-positives. It is difficult to recover the correct sSFR,
but the redshift uncertainties cannot be solely responsible
for this, since we have shown that the completeness of quies-
cent galaxies does not increase dramatically (only to 30%), if
we fix the redshift during the spectral fitting. We speculate
that the choice of incorrect templates is likely responsible
for the high incompleteness in recovering quiescent galaxies
with accurate sSFRs.
In summary, we find that when only observations in
the four Euclid filters are available, neither the (U − V )
and (V −J) rest-frame colours nor the sSFR are suitable to
select quiescent galaxies with sufficient precision. In the rest
of the paper we therefore test alternative methods to isolate
quiescent galaxies with Euclid observed colours.
4 COMPARISON OF Euclid COLOUR
COMBINATIONS
We now investigate the ability to isolate quiescent galax-
ies from the star-forming galaxy population with various
colour combinations available through Euclid follow-up ob-
servations. For this we use Euclid mock observations de-
rived using the three methods described in the previous sec-
tions. We limit our analysis to the use of aperture photom-
etry, but the inclusion of morphological and spectroscopic
information is expected to improve the purity of the sample
(Moresco et al. 2013; Andreon 2018). The addition of these
features will be investigated in a future work. To create a
space that resembles the UV J plane, we first include the
Figure 5. sSFR (left), stellar mass (centre) and redshift (right)
number density distribution of galaxies with V IS observations
in the Euclid Wide (green solid lines) and Deep Survey (orange
dashed lines), as well as for the subsample of galaxies with both u
and V IS band observations in the Euclid Wide (black solid lines)
and Deep Survey (blue dashed lines). Results are shown for mock
observations in the SED Wide and Deep data sets.
ground-based CFIS/u band that will be available to com-
plement Euclid observation over much of the fields. Simi-
lar u-band filters will be available through LSST and other
ground-based imaging surveys.
In Figure 5 we show the redshift, stellar mass and sSFR
distributions of galaxies with V IS observations (Wide and
Deep) and the subsamples with both u-band and V IS de-
tections (Wide and Deep), considering the different obser-
vational depths expected for both filters in the two Surveys
(see Table 1). Overall, around 63% (90%) of galaxies in the
Euclid Wide (Deep) Survey with V IS observations are de-
tected in the u-band as well. Not surprisingly, the u-band
observations limit the sample to low-redshift galaxies. In the
Euclid Wide Survey, they also exclude some of the low-mass
galaxies from the sample. In the future, it will be necessary
to take into account this sample selection when considering
colour criteria including the u-band filter.
Figure 6 shows colour-colour plots of a variety of Euclid
colour combinations, including the u-band filter, for galax-
ies in the data set SED Wide. The colours are derived from
the best SED template obtained by including photometric
errors, as explained in subsection 2.1. Results are shown for
mock galaxies up to z=3. Note that we found similar results
in the other data sets, i.e., SED Deep, Int Deep and Int Wide
(section 2), as listed in Table 3. For each observed colour
combination, we derive the percentage of quiescent and star-
forming galaxies overlapping in colour-space, as this is an
indication of the effectiveness of the method. This is done
by comparing the number density distribution of the qui-
escent and star-forming galaxy populations in each colour-
space and then deriving the percentage of galaxies inside
the intersection between the areas containing 68% of both
populations.
The best separation between quiescent and star-forming
galaxies is achieved with the (u − V IS) and (V IS − J)
observed colour combination (Figure 6, last panel). Using
these colours, quiescent and star-forming galaxies overlap
only outside the 68% areas. In all other colour combina-
tions a large fraction (more than 20%) of quiescent and star-
forming galaxies overlap in colour-space within the 68% ar-
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Table 3. Fraction of star-forming and quiescent galaxies occupying the intersection between the areas containing 68% of the two
populations in different colour space at z<3.
Color Population SEDWide SEDDeep IntWide IntDeep F lagWide F lag Deep Average
(V IS - Y ) vs. (Y -H) quiescent 31% 36% 37% 44% 50% 45% 40.5%
star-forming 23% 35% 33% 51% 23% 23% 31.3%
(V IS - Y ) vs. (Y -J) quiescent 39% 40% 38% 46% 60% 52% 45.8%
star-forming 29% 42% 37% 52% 34% 23% 36.2%
(V IS - J) vs. (J-H) quiescent 28% 32% 42% 45% 56% 51% 42.3%
star-forming 20% 36% 33% 52% 27% 22% 31.7%
(V IS - H) vs. (Y -J) quiescent 45% 41% 41% 48% 55% 52% 47.0%
star-forming 32% 43% 37% 53% 34% 23% 37.0%
(V IS - Y ) vs. (J-H) quiescent 30% 31% 25% 44% 55% 47% 38.7%
star-forming 19% 30% 30% 50% 32% 26% 31.2%
(u - V IS) vs. (V IS-J) quiescent 0% 0% 0% 15% 0% 0% 2.5%
star-forming 0% 0% 0% 40% 0% 0% 6.7%
Figure 6. Euclid observed colours for mock galaxies in the data set SED Wide at z<3. The panels show different combinations of Euclid
observed colours. Galaxies are colour-coded depending on their original sSFR value (see text). The blue and red lines show the 99.7%
(solid lines), 95% (dashed lines) and 68% (dotted lines) contours of the number density of star-forming [log10(sSFR/ yr−1) > −10.5]
and quiescent galaxies [log10(sSFR/ yr−1) < −10.5], respectively. In the top left of each panel we report the fraction of quiescent and
star-forming galaxies occupying the intersection between the areas containing 68% of the two populations. The best separation between
quiescent and star-forming galaxies is achieved with the (u−V IS) and (V IS−J) observed colour combination (lower right panel), which
requires auxiliary data.
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eas. Among the Euclid-only colour-combinations (i.e., that
do not include the additional information of the u-band),
the (V IS−Y ) vs. (J−H) is most effective to separate pop-
ulations. For this colour combination, and considering the
average among all data sets (see Table 3), the two galaxy
populations have the smallest overlap – even if only by a
few percentage units. The real potential of the (V IS − Y )
vs. (J−H) colour combination is revealed splitting the sam-
ple in redshift intervals, as will become obvious in the next
sections.
4.0.1 Redshift separation: the (u− V IS) and (V IS − J)
colours
In Figure 7 we show the (u−V IS) vs. (V IS−J) colours up to
redshift z = 1.5. We stop our tests at this redshift, because
at higher redshifts quiescent galaxies are not detected in the
u-band in sufficient numbers at the nominal expected depth
of the data. Therefore, other techniques will need to be used
at higher redshifts. We remind the reader that using the u-
band limits our sample significantly: even at lower redshifts,
the sub-sample of galaxies visible in the u-band in the Euclid
Wide Survey is biased to higher stellar mass galaxies, as
explained in section 4. Furthermore, the sample of quiescent
galaxies detected in the u-band is substantially limited in the
Euclid Flagship mock galaxy catalogue, so we only consider
colours derived from real galaxy observations.
We show colours that are determined from the best SED
templates, however, we note that colours obtained interpo-
lating the original COSMOS2015 fluxes show a similar be-
haviour, and the analysis using these provide compatible re-
sults (see Table 4). The results of the Flag data sets, which
we report only for completeness, and we do not use further
in the analysis, are consistent with the ones derived using
the SED data sets. To simulate photometric errors, we ran-
domly scatter the fluxes of all bands, with a scatter that
depends on the expected survey noise (see subsection 2.1).
Quiescent and star-forming galaxies show some evolu-
tion with redshift in both (u−V IS) and (V IS−J) colours.
This is expected, since the filters trace different parts of the
galaxy spectra at different redshifts, and also the best fitting
galaxy templates evolve with redshift. Similarly to the UV J
colour selection, we describe the area occupied by quiescent
galaxies at each redshift (black solid lines) as:
(u− V IS) > m (V IS − J) + q ,
(u− V IS) > Llow , and
(V IS − J) < Lup .
(1)
Considering this description, we derive the best line to iso-
late quiescent galaxies by maximising the quantity C (1 −
FP). C is the completeness, i.e., the fraction of true quies-
cent galaxies [log10(sSFR/ yr
−1) <-10.5] that are within the
selection, and FP is the false-positive fraction, i.e., the frac-
tion of star-forming galaxies [log10(sSFR/ yr
−1) >-10.5] in
the sample lying within the selection. We decide to maximise
the quantity C (1−FP) because, generally, the criteria that
maximises the completeness corresponds to a false-positive
fraction higher than the completeness, whereas the crite-
ria that minimise the false-positive fraction corresponds to
a very low completeness. The best separation criterion is
Table 4. Best selection criteria for the (u−V IS) and (V IS−J)
observed colours at different redshifts, as described in Equation 1.
The last two columns report the completeness (C) and false-
positive fraction (FP) of each selection.
data set 〈z〉 m q Llow Lup C FP
0.125 1.4 1.1 2.0 2.4 74±1% 15±1%
SED 0.375 0.9 1.8 2.6 1.7 92±1% 3±1%
Wide 0.625 1.7 0.0 2.8 2.0 84±1% 3±1%
0.875 0.7 1.2 2.1 2.4 79±1% 5±1%
0.125 1.3 1.2 1.7 1.6 80±1% 14±1%
0.375 0.8 1.9 2.2 1.8 84±1% 4±1%
SED 0.625 0.8 1.6 2.5 2.1 84±1% 3±1%
Deep 0.875 0.9 0.9 2.0 2.5 84±1% 1±1%
1.125 0.8 0.5 1.7 3.1 77±1% 8±1%
1.375 1.3 -1.9 2.1 3.4 66±2% 24±1%
0.125 1.7 1.1 1.7 1.3 63±3% 19±1%
Int 0.375 1.9 0.9 2.6 1.5 91±3% 11±1%
Wide 0.625 1.1 1.7 1.1 1.8 83±4% 12±1%
0.875 0.8 1.5 0.0 2.2 72±5% 18±2%
0.125 1.1 1.3 1.6 1.1 40±1% 21±1%
0.375 1.9 0.8 2.2 1.5 39±1% 12±1%
Int 0.625 1.7 0.6 2.7 1.8 54±1% 12±1%
Deep 0.875 0.5 1.9 2.5 2.9 61±1% 15±1%
1.125 0.0 2.4 0.0 3.4 55±2% 15±1%
1.375 0.0 2.0 0.0 3.4 49±2% 23±1%
Flag 0.125 1.3 1.0 2.0 1.6 95±9% 0±1%
Widea 0.375 0.9 1.5 2.8 1.6 94±17% 2±2%
0.625 0.5 1.9 0.0 1.9 60±20% 16±9%
0.125 1.4 0.9 2.1 1.6 97±8% 3±1%
Flag 0.375 1.8 0.4 2.7 1.9 87±7% 3±1%
Deepa 0.625 0.0 2.9 0.0 2.2 77±6% 15±2%
0.875 0.1 2.3 0.0 2.4 62±8% 19±4%
2
aThis data set is not used to derive the final colour selection as
it is not big enough for statistical purposes.
derived comparing all lines described by parameters within
the intervals of m ∈ [0, 2[, q ∈ [−2, 3[, Llow ∈ [0, 3[, and
Lup ∈ [0, 4[ and considering a step of 0.1 for all parameters.
We repeat the procedure for the data sets obtained from
real galaxy observations (data sets SED and Int). All values
derived for each data set are presented in Table 4. We then
combine the results by averaging the completeness and false-
positive fraction of all data sets in the considered parameter
space and we derive the best line of separation for quiescent
galaxies by maximising again the quantity C (1−FP). Note
that we do not average the best lines of each data set; we
average the completeness and false positive fraction of each
possible line in the four data sets and then derive the best
line. Moreover, we do not apply any weight on the different
data sets, as each of them has different drawbacks and strong
points. For example, the SED data sets have photometric
errors similar to what is expected for Euclid , but the Int
data do not apriori assume a shape for the SED.
In order to provide galaxy selection criteria at differ-
ent redshifts, we derive the redshift evolution of each pa-
rameter in Equation 1. This is done from the average com-
pleteness and false-positive fraction to ensure the stability
of the final results compared to the method used to ob-
tain mock observations. Because the errors of the param-
eters are correlated, we cannot perform an independent fit
to the evolution of the parameters that describe the selec-
tion area. To bypass this issue, we therefore derive the evo-
lution of each parameter in a sequential order. In partic-
ular, we start by extracting the redshift evolution of the
MNRAS 000, 1–18 (2019)
10 L.Bisigello et al.
Figure 7. The (u− V IS) vs. (V IS − J) colours obtained from the data set SED Deep. Data are shown at different redshifts, from z=0
(top left) to z=1.5 (bottom right). Galaxies are colour coded depending on their original sSFR. The blue and red lines show the 99.7%
(solid lines), 95% (dashed lines) and 68% (dotted lines) contours of the number density of star-forming [log10(sSFR/ yr−1) > −10.5]
and quiescent galaxies [log10(sSFR/ yr−1) < −10.5], respectively. On the top left of each panel we report the completeness (C) and
false-positive fraction (FP) of the quiescent galaxy selection with the corresponding Poisson errors. The black lines show the separation
between quiescent and star-forming galaxies that maximises the quantity C (1 − FP). The selection works well up to at least redshift
z=1.
slope (m) by considering the slope value that simultane-
ously maximises the average completeness and minimises
the average false-positive fraction. In the fit we include the
marginalised errors obtained by selecting all slopes that re-
sult to C (1 − FP) > 0.975 max[C (1 − FP)]. This corre-
sponds to a maximum error of 10% of the C (1 − FP) of
any single data set. Second, we derive the redshift evolu-
tion of the intercept q, considering all lines that satisfy the
same C (1−FP) selection, but in addition have slope values
equal to the ones predicted with the slope-redshift evolution.
Similarly, we include the derived slope and intercept in the
redshift evolution in the fit for the Llow redshift evolution,
and we include in this the evolution of both the slope (m),
intercept (q), and the (u−V IS) lower limit (Llow) to derive
the redshift evolution of the (V IS − J) upper limit (Lup).
The resulting redshift evolution of each parameter is shown
in Figure 8 and is described by:
m = 0.91 z2 − 1.80 z + 1.70 ,
q = −3.40 z2 + 3.44 z + 0.82 ,
Llow = −2.17 z2 + 3.56 z + 1.29 ,
Lup = 1.18 z + 1.70 .
(2)
The evolution of the (V IS−J) limit (Lup) is well described
by a linear relation, while we consider a quadratic polyno-
mial for the slope m, the intercept q, and the (u − V IS)
limit (Llow). The completeness and the false-positive fraction
do not improve much if we consider higher-order polynomi-
als, while the false-positive fraction increases if we consider
lower-order polynomials for the slope m and the (u− V IS)
limit.
We investigate the accuracy of the selection criteria
by calculating the completeness and false-positive fractions
in the four data sets derived from real observations (Fig-
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Figure 8. Redshift evolution of the parameters in Equation 1
that describes the area isolating quiescent galaxies. From top to
bottom: the slope, the intercept, the lower limit in (u − V IS)
colours and the upper limits in the (V IS−J) colours. Mock obser-
vations are obtained from the best fitting SED template describ-
ing the COSMOS2015 observations (orange squares) and from
the interpolation of the COSMOS2015 observations (green trian-
gles). We consider the observational depth planned for both the
Euclid Wide Survey (filled symbols) and the Euclid Deep Sur-
vey (empty symbols). Black crosses correspond to the best-line
derived considering the average completeness and false-positive
fraction for the four data sets. Coloured data points are slightly
shifted horizontally for clarity, while black crosses mark the centre
of each bin. The red solid line shows the best fit for each param-
eter (see Equation 2), as derived from the average completeness
and false-positive fraction. Marginalised error bars correspond to
the parameters values for which the quantity C (1−FP) varies by
less than 10% in each different data set.
ure 9). The average fraction of false-positives is below 15%
at z . 1.25, with a maximum of ∼ 20% at the highest red-
shifts. We find that the average completeness is above 55%
at all redshifts. However, the selection is particularly effec-
tive at 0.25 < z ≤ 1, where the completeness is greater than
∼ 70%. Note that the completeness of the Int Deep data
set is quite low. This is due to some galaxies with inter-
mediate colours that are particularly faint and have large
photometric errors in the Euclid Deep Survey and are too
faint to be detected in the Euclid Wide Survey. In general,
false-positive fractions are higher for galaxies in the Int Wide
data set. It is important to consider that both of these data
sets are affected by the photometric errors given by the COS-
MOS2015 catalogues that are typically larger than the errors
expected for Euclid . These inflated photometric errors may
have negatively affected the recovered false-positive fraction
and completeness.
In Figure 9 we also show how the completeness and
false-positive fraction vary with the observed V IS magni-
tude for galaxies at z ≤ 1.5. The average false-positive frac-
tion remains almost constant (between 11% and 16%) for
V IS magnitudes between 18 and 25 mag, with lower false
positive fractions for both brighter and fainter objects. On
the other hand, a clear trend is visible between the com-
pleteness and the V IS observed magnitude, with an aver-
age completeness above 80% at magnitudes brighter than
22 mag and a steady drop at fainter magnitudes. For both
Deep Surveys the drop in completeness happens at around
23 mag for both the Int and SED data set. The differ-
ence between the completeness in the Wide and Deep Sur-
veys are due to the different uncertainties associated to each
galaxy, but also to the different depths in the u-band, i.e. the
Deep Survey is two magnitudes deeper. At V IS > 22 mag,
only the bluest quiescent galaxies are detected in the u-
band. This selection is more important in the Wide Sur-
veys than in the Deep surveys (see also Figure 5). These
are galaxies with relatively higher sSFR and are generally
the most difficult to disentangle from star-forming galax-
ies. To give a more quantitative example, galaxies in the
SED Wide data set at z≤1.5 and detected in the H, J ,
and u filters have a median log 10(sSFR/yr−1) = −12.2.
The subsample of galaxies that have the same redshift and
detection selection, and also have V IS >22 mag have me-
dian log 10(sSFR/yr−1) = −11.1. On the other hand, the
same selections in the SED Deep data set produces less of
a difference between the two subsamples that have median
log 10(sSFR/yr−1) = −11.8 and −11.7, respectively.
We conclude that the (u− V IS) vs. (V IS − J) colours
can be used to isolate quiescent galaxies using the selection
described in Equation 2, with a generally low contamination
by star-forming galaxies and a completeness above 60%, at
least up to z ∼ 1. For comparison, the UV J diagram has
been tested and used up to z ∼ 3.5, but, as we previously
mentioned, the U , V , and J rest-frame magnitudes are chal-
lenging to derive with only the four Euclid filters. Indeed, the
quiescent galaxy population recovered at z<1 with the UV J
diagram with Euclid has a very low completeness (20%, sub-
section 3.1), making the (u−V IS) and (V IS−J) observed
colours the preferred alternative. This type of analysis will
be important and critical when examining the large 15 000
deg2 Euclid survey area where automation and simplicity
will be critical.
4.0.2 Redshift separation: the (V IS − Y ) vs. (J −H)
colours
We now investigate whether a redshift separation is possi-
ble using only the four bands available to Euclid . We use
the (V IS − Y ) and (J − H) colours only, which we pre-
viously identified as our best case scenario (Figure 6, Ta-
ble 3). An idealised case of galaxies in the nearby Universe
is shown in Figure 10 in which we plot Euclid observed
colours (V IS−Y ) vs. (J−H) from the Euclid Flagship mock
galaxy catalogue in the lowest redshift bin, with no addition
of photometric errors. Different galaxy populations are in-
dicated by circles and show idealised trends of an evolving
galaxy in this colour-colour space. Star-forming galaxies are
expected to have blue (V IS−Y ) and (J−H) colours, before
steadily moving to redder colours as they decrease their star-
formation activity and the amount of dust in these systems
increases, with a clear separation between quiescent galaxies
and dusty star-forming systems.
Moving away from this idealised case, the inclusion of
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Figure 9. Evolution of the completeness and false-positive fraction with the redshift (left) and with the observed V IS magnitude (right).
Quiescent galaxies are derived considering the best line separation in the (u − V IS) vs. (V IS − J) plane, as described in Equation 2.
The fractions correspond to the mock observations derived from the best SED template (orange squares) and from interpolating the
COSMOS2015 observations (green triangles), considering the observational depth expected for the Euclid Wide Survey (coloured symbols)
and the Euclid Deep Survey (empty symbols). Black crosses are the average values among the four considered data sets. Coloured data
points are slightly shifted horizontally for clarity, while black crosses mark the centre of each bin. The grey dotted vertical lines on the
right panel show the V IS magnitude corresponding to different S/N cut in the Euclid Wide Survey.
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Figure 10. Colour-colour diagram using simulated Euclid bands
from the Euclid Flagship mock galaxy catalogue in the lowest
redshift bin and without observational errors. Galaxies are colour
coded depending on their sSFR. The expected colours of some
galaxy populations are pin-pointed with black circles.
photometric errors as well as redshift evolution makes the
selection of quiescent galaxies more challenging, as shown in
Figure 11. We show the selection up to z = 3, because only a
few quiescent galaxies are present in our data sets at higher
redshifts. Indeed, if we consider their small number and their
mixing in colour space, we realise that the separation criteria
would be poorly constrained at higher redshifts. Colours are
shown for the data set SED Wide and they are overall similar
to the colours of the other five data sets.
We overall find that the star-forming and quiescent
galaxies show similar (V IS−Y ) and (J −H) colours at low
redshift and their separation becomes clearer and cleaner
with increasing redshift. This is mainly due to the absence
of filters tracing the λ = 4000A˚-break at z < 1, which is
the most prominent feature of an old stellar population.3
This is not surprising given that the science goals of the Eu-
clid mission focus their attention at z > 1. At z > 1, the
V IS band starts to trace near-UV to optical light, while all
other bands still trace wavelengths redward of the 4000A˚-
break and, indeed, quiescent galaxies have redder (V IS−Y )
colours than star-forming objects. At 2 < z < 3 the separa-
tion is difficult again, as both the V IS and Y filters trace
rest-frame λ < 4000 A˚, while the J and H filters trace rest-
frame λ > 4000 A˚.
As in the previous section, we define the area in V IS,
Y , J , H colour-space used to select quiescent galaxies as:
(V IS − Y ) > m (J −H) + q ,
(V IS − Y ) > Llow , and
(J −H) < Lup .
(3)
Similar to the previous analysis, we derive the best line
which separates quiescent and star-forming galaxies by max-
imising the quantity C (1−FP), where C is the completeness
and FP is the false-positive fraction. The separation crite-
rion is derived comparing all lines described by parameters
inside the intervals of m ∈ [0, 2[, q ∈ [−2, 3[, Llow ∈ [0, 3[,
and Lup ∈ [0, 2[ and considering a step of 0.1 for each pa-
rameter.
A high false-positive fraction, above 30% at z < 0.5,
and a low completeness, below 70% at z < 0.75 reflects the
fact that quiescent galaxies are difficult to isolate at low
redshifts. For this reason we exclude redshifts below 0.75
when analysing the redshift evolution of the selection area.
Results for all six data sets are listed in Table 5.
3 To get a sense of which part of the SED is traced by each
Euclid filter at different redshifts, we refer to Figure 1. The red
line and open circles shown in the figure represent the observed
wavelengths of the 4000A˚-break at different redshifts and over
Euclid ’s wavelength coverage.
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Figure 11. The observed (V IS−Y ) vs. (J−H) colours obtained from the data set SED Wide. Data are shown at different redshifts, from
z=0 (top left) to z=3 (bottom right). Galaxies are colour-coded depending on their original sSFR. The blue and red lines show the 99.7%
(solid lines), 95% (dashed lines) and 68% (dotted lines) contours of the number density of star-forming [log10(sSFR/ yr−1) > −10.5] and
quiescent galaxies [log10(sSFR/ yr−1) < −10.5], respectively. The black lines show the separation between quiescent and star-forming
galaxies that maximises the quantity C (1−FP). On the top left of each panel we report the completeness (C) and false-positive fraction
(FP) of the quiescent galaxy selection with the corresponding Poisson errors. The selection using Euclid filters works best in the redshift
range 1 < z < 2, where we find a completeness above 65%.
We average the results of the mock galaxies of all the
six data sets to obtain the evolution of the line separat-
ing star-forming and quiescent galaxies with redshift (Fig-
ure 12). In the Euclid Flagship mock galaxy catalogue used
for the Flag Wide and Flag Deep data sets, there are al-
most no quiescent galaxies at z > 1.25, but at lower red-
shift the line separation overall agrees with the value de-
rived from the COSMOS2015 catalogue. As we did for the
(u − V IS) and (V IS − J) colours, we adopt a sequential
approach that starts from the fit of the slope-redshift evo-
lution, and then uses the results of this fit to derive the
redshift evolution of the intercept q. The same method is
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Table 5. Best selection criteria for the (V IS − Y ) and (J −H)
observed colours at different redshifts, as described in Equation 3.
The last two columns report the completeness (C) and false-
positive fraction (FP) of each selection.
data set 〈z〉 m q Llow Lup C FP
0.125 1.6 0.4 0.6 0.2 42±1% 36±1%
0.375 1.9 0.5 0.8 0.3 60±1% 30±1%
0.625 1.9 0.6 1.1 0.5 69±1% 22±1%
SED 0.875 1.7 0.8 1.3 0.6 84±1% 22±1%
Wide 1.125 1.9 1.0 1.7 0.6 83±1% 15±1%
1.375 1.1 1.6 1.9 0.6 84±1% 13±1%
1.750 1.1 1.5 1.9 0.8 77±1% 14±1%
2.250 1.0 0.7 1.6 1.1 31±2% 27±2%
0.125 1.7 0.4 0.6 0.3 40±1% 28±1%
0.375 1.8 0.5 0.7 0.3 53±1% 23±1%
0.625 1.8 0.6 1.0 0.5 70±1% 20±1%
SED 0.875 1.7 0.8 1.3 0.6 84±1% 16±1%
Deep 1.125 1.7 1.1 1.7 0.6 87±1% 11±1%
1.375 1.7 1.4 1.9 0.7 95±1% 6±1%
1.750 1.2 1.5 1.9 0.8 87±1% 8±1%
2.250 1.0 1.0 1.5 1.2 50±1% 16±1%
0.125 1.4 0.4 0.5 0.2 37±1% 51±2%
0.375 1.9 0.3 0.7 0.3 60±2% 38±1%
0.625 1.7 0.5 1.0 0.4 64±2% 28±1%
Int 0.875 1.7 0.7 1.3 0.5 70±2% 27±1%
Wide 1.125 1.6 1.1 1.6 0.6 76±2% 18±1%
1.375 1.9 1.1 1.8 0.6 77±3% 20±1%
1.750 1.5 1.2 1.8 0.8 71±3% 19±1%
2.250 0.2 1.6 1.7 1.0 29±5% 21±4%
0.125 1.6 0.4 0.5 0.2 34±1% 52±1%
0.375 1.9 0.3 0.8 0.4 37±1% 56±1%
0.625 1.7 0.5 1.1 0.4 38±1% 41±1%
Int 0.875 1.8 0.7 1.3 0.5 60±1% 37±1%
Deep 1.125 1.6 1.1 1.7 0.6 67±2% 22±1%
1.375 1.9 1.1 1.8 0.6 70±3% 27±1%
1.750 1.5 1.2 1.9 0.8 53±2% 25±1%
2.250 0.3 1.6 1.9 1.5 23±2% 31±3%
0.125 1.6 0.5 0.8 0.3 78±6% 16±2%
Flag 0.375 1.9 0.5 0.8 0.4 67±5% 18±2%
Wide 0.625 0.9 0.9 1.1 0.7 71±4% 34±2%
0.875 1.4 0.9 1.4 0.8 68±4% 29±2%
1.125 1.7 1.1 1.7 0.6 64±8% 25±4%
0.125 0.9 0.7 0.8 0.3 77±6% 36±4%
Flag 0.375 1.7 0.6 1.0 0.4 49±4% 37±3%
Deep 0.625 0.7 1.0 1.2 0.7 63±3% 30±2%
0.875 1.4 0.9 1.4 0.8 72±4% 25±2%
1.125 1.6 1.2 1.7 0.7 65±6% 17±3%
then applied to the (V IS − Y ) limit and the (J −H) limit.
In the fit of the redshift evolution of each parameter we in-
clude marginalised errors obtained by considering all selec-
tion criteria with C (1−FP) > 0.983 max[C (1−FP)], which
correspond to a maximum error of 10% in the C (1 − FP)
value of any single data set. Differences in the marginalised
error estimates with the (u − V IS) vs. (V IS − J) analysis
are due to the different number of data sets considered. By
combining the results of the different data sets, the line sep-
arating quiescent and star-forming galaxies can be described
as a function of redshift as:
m = −1.59 z2 + 3.66 z − 0.30 ,
q = −0.33 z2 + 1.61 z − 0.36 ,
Llow = −1.34 z2 + 4.20 z − 1.34 ,
Lup = 0.74 z − 0.14 .
(4)
We consider a second-degree polynomial for fitting the
Figure 12. Redshift evolution of the parameters in Equation 3
that describe the area isolating quiescent galaxies. From top to
bottom: the slope, the intercept, the lower limit in (V IS − Y )
colours and the upper limits in the (J−H) colours. Mock observa-
tions are obtained from the best fitting SED template describing
the COSMOS2015 observations (orange squares), from the inter-
polation of the COSMOS2015 observations (green triangles) and
from the Euclid Flagship mock galaxy catalogue (blue circles).
We consider the observational depth planned for both the Euclid
Wide Survey (filled symbols) and the Euclid Deep Survey (empty
symbols). Black crosses correspond to the best-line derived con-
sidering the average completeness and false-positive fraction for
the six data sets. Coloured data points are slightly shifted hor-
izontally for clarity, while black crosses mark the centre of each
bin. The red continuous lines show the best fit to the considered
points at z>0.75 (see Equation 4), as derived from the average
completeness and false-positive fraction. The dashed lines show
the extrapolation at low redshifts. Marginalised error bars corre-
spond to the parameters values for which the quantity C (1−FP)
varies by less than 10% in each different data set.
slope m, the intercept q, and the (V IS − Y ) limit (Clow)
and a linear regression for the (J − H) limit (Cup) . By
considering higher-order polynomials the completeness and
false-positive fractions at 0.75 < z < 2.5 do not change con-
siderably. At the same time, considering lower-order poly-
nomials decreases the average completeness below 50% and
increases the average false-positive fractions above 50%.
As for the (u− V IS) and (V IS − J) colours, we verify
the quality of the selection criteria in all data sets by cal-
culating the completeness and false-positive fraction for the
selection criteria using Equation 4 (Figure 13). We advise
against extrapolating the selection criteria to z < 0.75, as
the star-forming galaxies will have a high contamination. At
z > 2 the combined effect of poor statistical constraints and
the absence of colours that include the 4000A˚ -break makes
the selection difficult. The best scenario in this case results in
a low completeness and a very high false-positive fraction.
However, relaxing the selection criterion mainly increases
the false-positive fraction, rather than the completeness.
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Figure 13. Evolution of the completeness and false-positive fraction with redshift (left) and observed V IS magnitude (right). Quiescent
galaxies are derived considering the best line separation in the (V IS − Y ) vs. (J −H) plane, as described in Equation 4. The fractions
correspond to mock observations derived from the best SED template (orange squares), from interpolating the COSMOS2015 observa-
tions (green triangles) and from the Euclid Flagship mock galaxy catalogue (blue circles). We include results derived considering the
observational depth expected for the Euclid Wide Survey (coloured symbols) and the Euclid Deep Survey (empty symbols). Black crosses
are the average values among the six considered data sets. Coloured data points are slightly shifted horizontally for clarity, while black
crosses mark the centre of each bin. The grey areas are outside the redshift range used to derive the evolution of the quiescent galaxy
selection criteria. The grey dotted vertical lines on the right panel show the V IS magnitude corresponding to different S/N cuts in the
Euclid Wide Survey.
In Figure 13, we also show the completeness and false-
positive fraction at different observed V IS magnitudes, for
galaxies at redshift 0.75 < z < 2. Differently from the re-
sults for the (u − V IS) and (V IS − J) colours, the com-
pleteness for the (V IS − J) and (Y − H) colours shows a
mild decrease with increasing V IS magnitude, with aver-
age values around 100% at V IS = 20 mag and around 70%
at V IS = 26 mag. The false-positive fraction, on the other
hand, shows an increase with increasing V IS observed mag-
nitude, with the average values smaller than 50% only for
objects between V IS = 21 mag and V IS = 24 mag. We
do not find substantial differences between the Wide and
Deep Surveys. Most differences arise from a variation in the
data sets, particularly between the data sets derived from
real galaxy observations (SED and Int data sets) and those
from the simulated galaxies (Flag data sets). In particular,
as investigated in more details in Appendix A, the Flag data
sets have on average galaxies with lower sSFR and fainter
VIS magnitudes than the other two data sets. Star-forming
galaxies with relatively low sSFR are generally more difficult
to separate from the quiescent galaxies and this influences
the recovered completeness and false-positive fraction.
Overall, we conclude that (V IS−Y ) and (J−H) colours
can be used to select quiescent galaxies at 1 < z < 2 (0.75 <
z < 2) with an average completeness above 65% (55%) and
with false-positive fractions typically below ∼ 20%. There-
fore, this colour combination is complementary in redshift
to the (u− V IS) and (V IS − J) colour selection previously
analysed and shows a similar completeness, but a slightly
larger false-positive fraction, i.e., below 15% at 0.25 < z < 1
for the (u−V IS) and (V IS−J) colours. We speculate that
other criteria, like galaxy morphologies, could be used in
tandem with these colours to improve these selections fur-
ther.
5 SUMMARY
Colour-colour selections are widely used and well accepted
methods in extragalactic astronomy to separate different
galaxy population, such as quiescent and star-forming galax-
ies. Given the limited number of filters in general and the
unusually wide visual filter in particular designed for the
Euclid telescope, it is vital to determine a framework as-
tronomers can use for this purpose with the extensive imag-
ing data that will arise from Euclid . In this paper, we show
that Euclid filters alone are not sufficient to pin down a best
fit template to determine the rest-frame colours based on U ,
V , and J bands used in standard selections, nor are they ad-
equate to derive specific star-formation rates. We therefore
derive Euclid specific selection criteria for the separation of
quiescent and star-forming galaxies using Euclid observed
colours.
To do so, we define three different sets of mock Euclid
observations: i) the first interpolates the multi-wavelength
observations of galaxies in the COSMOS2015 catalogue; ii)
the second uses the best theoretical template describing
the multi-wavelength observations of galaxies in the COS-
MOS2015 catalogue; iii) the third takes galaxy parameters
from the Euclid Flagship mock galaxy catalogue. Each data
set contains mock observations for Euclid ’s visible V IS fil-
ter, and the near-infrared filters NISP Y , J , and H. Data
sets i) and ii) also include CFIS/u band observations. Similar
u-band data will be available with other overlapping surveys
such as LSST.
By selecting galaxy types in the commonly accepted
UV J plane derived from these mock observations, we only
recover ∼ 20% of the original quiescent galaxy population up
to redshifts z = 3. The reason for this low success rate is the
difficulty of deriving accurate (U − V ) and (V − J) colours
with only four filters as is the case for the Euclid mission.
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Even worse, when we use the sSFR derived from the four
Euclid filters to isolate quiescent galaxies, we recover only
9% of the original quiescent galaxy population.
We find that the most effective way to separate quies-
cent from star-forming galaxies with observed colours is the
combination of (u−V IS) and (V IS−J) colours. This filter
combination will be available thanks to the Euclid-specific
follow-up ancillary ground-based u-band observations. For
this colour combination, the bulk of quiescent and star-
forming galaxies (i.e., the areas containing 68% of the num-
ber density of these two classes of galaxies) are completely
separated. We derive the quantitative separation of the two
galaxy populations by simultaneously maximising the com-
pleteness of the quiescent galaxy recovery and minimising
the number of false-positives. We further parameterise the
evolution of this fitting with redshift. The proposed line al-
lows for a selection of quiescent galaxies (with a recovery of
more than 55% up to z ∼ 1) while keeping the average frac-
tion of false-positive below 15%. We find the highest success
rates in the redshift range 0.25 < z < 1, where the com-
pleteness is above ∼70%.
We also tested the performance of separating galaxy
types when using only the four filters on board the Eu-
clid telescope. Of the five colour combinations we tested,
the (V IS − Y ) and (J − H) colours are the most efficient
for isolating quiescent galaxies. A drawback lies at low red-
shifts: due to the absence of strong spectral features inside
these filters at z < 0.75, quiescent and star-forming galaxies
have similar colours. We therefore offer selection criteria only
for higher redshifts. We do this by maximising the selection
completeness and, at the same time, minimising the false-
positive fraction. The derived selection criteria allow the user
to select a sample of quiescent galaxies at 0.75 < z < 2
with average completeness above 55%, and an average false-
positive fraction below 20%. The selection works best in the
redshift range 1 < z < 2, where we find a completeness
above 65%.
Euclid will provide additional information besides
colours, such as the resolved structures of galaxies up to
high redshifts. Using a combination of colours and morpholo-
gies, we expect that success rates will increase and contam-
ination rates will decrease. Similar improvements could be
achieved with the addition of spectroscopic information from
the NISP spectra, when available. This will be tested in fu-
ture work.
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APPENDIX A: COMPARISON AMONG DATA
SETS
In this appendix, we compare the relevant properties of
galaxies in the different data sets considered in this work.
Results are shown at Euclid Wide Survey depth.
Figure A1 shows the redshift, stellar mass, and sSFR
distribution of the SED Wide, Int Wide, and Flag Wide data
sets. The first two data sets show similar galaxy properties,
as expected given that they are derived from the same par-
ent sample of real galaxies. This confirms that the different
model and photometric error assumptions are not affecting
the results. The Flag Wide data set is limited to galaxies
at z . 2 with generally larger stellar mass and lower star-
formation than the other two data sets. We verify that the
difference in the stellar mass and sSFR distributions are not
entirely caused by the difference in the redshift distributions
and are indeed still present even in low-redshift galaxies.
Figure A2 shows the magnitude distribution of galaxies
in the Euclid filters for the three data sets with the depth
of the Euclid Wide Survey. The two data sets derived from
real galaxies, i.e., SED Wide and Int Wide, have similar
magnitude distributions in the Euclid filters. Mock galaxies
in the Flag Wide data set have instead fainter V IS band
magnitudes, as a possible consequence of galaxies being less
star-forming in this data set. The magnitudes in the other
Euclid filters are instead similar among the three different
data sets.
This paper has been typeset from a TEX/LATEX file prepared by
the author.
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Figure A1. Distribution of redshift (left), stellar mass (centre), and sSFR (right) for galaxies in the three different data sets considered
in this work: SED Wide (filled orange histograms), Int Wide (green solid lines), and Flag Wide (blue dashed lines).
Figure A2. Distribution of magnitudes in the V IS (top left), J (top right), Y (bottom left), and H (bottom right) bands for galaxies in
the three different data sets considered in this work: SED Wide (filled orange histograms), Int Wide (green solid lines), and Flag Wide
(blue dashed lines).The vertical dotted lines indicate the magnitude corresponding to a S/N=3 for each filter.
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